Development of air-coupled capacitance ultrasonic transducers that operate above 100kHz have recently been of interest. The main applications for these devices include the location and imaging of objects, and in the nondestructive evaluation of engineering materials. To control the response of either as a source or a receiver, we needed to investigate the effect of using different backplate materials and manufacturing techniques. Backplates were produced in a range of materials such as silicon, copper and stainless steel. Various techniques of micromachining such as chemical etching, laser machining and ion beam machining were used.
BACKPLATE MANUFACfURE AND TESTING
Initially, all of our backplates (except for the laser etched backplates) were coated uniformly by spinning a 3ILm thick layer of polyamide photoresist at 1200 rpm, followed by a soft bake in an oven at 90°C for S minutes. The backplates were attached to a mask containing 70ILm square holes at a pitch of 70lLm, placed in front of an ultra violet light source (which has a spectral output in the range of 350-4S0 nm) for 4 minutes. The backplates were placed into a developer which dissolved the exposed area, leaving the unexposed portion of the polymer. After hard baking the sample at 180°C for 1 hour, the backplates were ready for machining.
Polished silicon wafers are ideal for producing backplates, due to a flat and scratch-free surface. This enables us to have greater control over the characteristics of the transducers. Three 1cm 2 silicon backplates were produced using three different techniques: chemical, ion-beam machining, and laser etching. Typically, when chemically etching silicon, a mask pattern is transferred into an oxide layer which is deposited onto the surface. In our case we only require a depth of less than lOlLm, and thus we submerged the polished pure silicon backplate into a anisotropic etchant (hydrofluoric and nitric acid solution; the wafer was orientated in the (100) plane) for 1 minute and then washed in water. A pattern depth of about 2-4 ILm was achieved before the photo resist dissolved away.
For the case of the showered ion-beam technique, the wafer was placed 7Smm below the gun (ion-beam source) onto a copper heatsink due to the high temperatures generated, and the milling rate was kept low (O.llLm/min). After 15 minutes the photo resist had been milled away leaving a pattern of about 4Lm deep; due to the different milling rates between the photo resist and the silicon, only 66% of the photo resist thickness was transferred.
The laser machining technique only required a polished silicon backplate which was placed onto an X-Y stage and positioned in front of a Q-switched Nd.YAG laser with lOOmm focal length, 8X beam magnification and l.Smm aperture fitted. A silicon backplate with hole diameter of SOlLm, pitch of 80ILm and depth of lOlLm was produced. Again, the same laser maching technique was applied to a polished stainless steel backplate producing holes of the same dimensions.
For the polished copper backplate, a potassium hydroxide solution etchant at SO°C was used. After 10 minutes a hole depth of lOlLm was achieved. The chemical etching of stainless steel used a ferric chloride based etchant immersed for S minutes giving a hole depth of lOlLm.
-A series of 5ILm thick membrane capacitance transducer were assembled [1] , each containing one of the prepared backplates. A 200V bias voltage was applied across the membrane, attracting the membrane onto the backplate. Each transducer was driven by a pulse with a width of O.lJLs, at 350V by an Avtech AVRH-I-C pulser. The transmitted signal was received by a wide bandwidth capacitance transducer fitted with a 2.5JLm thick membrane, amplified by a Cooknell SU2/C charge amplifier with a 100V d.c bias applied. The Fourier transform of the received signal was taken giving the frequency spectrum for each backplate. Freauencv (~Hz) Figure 11 . Etched steel using a HCL Figure 12 . Transmitted spectrum using based etch ant. the backplate in Figure 11 .
EXPERIMENTAL AND THEORETICAL PRESSURE FIELDS OF AN APERTURED SOURCE
In the experiment, a wide bandwidth detector was constructed using a 2.5JLm thick membrane capacitance transducer fitted with a Imm diameter aperture, which was attached to an X-Z stage while the source remained in a fixed position. In the case of an annulus transducer, an Avtech AVRH-I-C pulser was used to give a transient pulsed excitation with a fast rise-time. Figure 13 shows a schematic diagram of the annulus aperture. A Matec gated power amplifier was used to drive the source fitted with a zone plate aperture with a tonebursts at 500kHz and Figure 14 shows a schematic diagram of zone plate aperture. The signal produced by the detector was sent to a Cooknell CA6/C charge sensitive amplifier, which also supplied a lOOV bias between the backplate and the membrane. The signal waveform was digitized at any particular point in the field using a Tektronix 2430A digital oscilloscope and stored on a PC for analysis. Pressure amplitude variations were plotted by taking the maximum peak to peak amplitude of the stored signal at each point. The detector was scanned in a 2D X-Y plane, to give a pressure field with a O.5mm spatial resolution in the X (radial) direction and a Imm resolution in the Y (axial) direction. The total X-Y scan area was 20mm in X and either 50mm for the annulus or 20mm for the zone plate in Y, the field starting at 4mm from the front face of the transducer membrane.
Using established theory for the radiated field of a plane piston transducer [2] , we can predict the pressure variations for any size of aperture in air. The mathematical model assumes that the pressure at any point across and away from the transducer face can be computed from the interference of the plane and edge components, and also assumes that the front face is vibrating with a uniform amplitude and phase (although variations in these parameters can be included if required). By subtracting the contributions of two plane pistons of different diameters, a mathematical model for an annulus is obtained [3] .
shown by Figure 15 , whereas the corresponding theoretical pressure field plot is shown by Figure 16 . For the zone plate aperture, the experimental pressure field plot is shown by Figure 17 , whereas the corresponding theoretical pressure field plot is shown by Figure 18 . Figure 18 . Theoretical pressure field plot for a plane piston transducer fitted for a plane piston fitted with a zone with a zone plate, driven at 500kHz.
plate driven by at 500kHz.
DISCUSSION OF RESULTS

Frequency Response
Comparing the spectrum of each backplate, there was a noticeable change in the position of the peak sensitivity. Both laser machined silicon and stainless steel backplates had peaks which were centred at IMHz (Figures 6  and 8) , with an upper response close to 3MHz. Again, the ion-beam machined silicon backplate gave the same characteristics (Figure 4) . It is clear from the micrographs (Figures 3, 5 and 7) that the laser and ion-beam machined backplates had the smoothest surface finish, and that the holes are well defined with sharp edges; thus, the charge concentration close to the membrane is increased. With the chemically etched backplates, it is clear from the micrographs (Figures 1, 9 and 11) that the etchants had etched below the photo resist layer, leaving a roughened surface (in some cases, parts of the mask had lifted of the surface). In the case of the chemically etched silicon, the surface had been slightly roughened and the edges of the holes had been blunted by the etchant, but they were still reasonably sharp and well defined. Again, the surface of the chemically etched copper and steel backplates were more severely roughened, both having blunted corners. Typically, with an increase in the surface roughness and a decrease in edge sharpness, the frequency at which the peak sensitivity occurs decreases. For the etched silicon, this peak occurred at about 900kHz and 750kHz for the etched copper and stainless steel respectively (Figures 2,10 and 12) . Comparing the backplates which had a typical hole depth of about 2-4JLm (ie. chemically etched and ion-beam machined silicon) to the backplates which had hole depth close to lOJLm (ie. laser machined silicon and steel and chemically etched copper and steel), the amplitude of the peak sensitivity was significantly higher for the shallow holes; again, this is possibly due to a higher charge concentration and the bottom of the holes having a greater attractive force on the membrane.
Comparison of the experimental and theoretical pressure fields For the transducers fitted with the annulus apertures, the experimental result (Figure 15 ) resemble the corresponding theoretical result (Figures 16 ). A narrow pressure field profile which runs close and parallel to the axis is produced which is mainly due to the interactions of the edge waves. The attenuation in the experimental results appears to be greater than in the theoretical result, possibly due to damping of the edge waves and the Imm diameter aperture averaging the signal across the area, with a resultant loss of detail. For the zone plate, both experimental ( Figure 17 ) and theoretical ( Figure 18 ) pressure field profiles focus at a point on axis 7.5mm away from the zone plate. Again, discrepancies in the surrounding field are due to signal averaging.
CONCLUSION
It is evident from the results, that we can design capacitance transducers which typically have a bandwidth of 3MHz, with the peak sensitivity centred around IMHz. The best performance can be achieved by using shallow holes, good surface finish and sharp edges. The application of an annulus or a zone plate aperture produces wide bandwidth air-coupled transducers which focus, thus producing an excellent transducer for the accurate detection of defects in non-contact imaging of materials in air.
